To assess the effect of deprivation amblyopia on global shape discrimination, sensitivity to radial deformation of circular patterns was assessed in patients treated for congenital (N ¼ 7) or developmental (N ¼ 1) cataracts. Elevation in radial deformation threshold was dependent on circular contour frequency and the depth of amblyopia. Analysis of thresholds expressed as Weber fractions indicated a shift in global integration to a larger scale. In a pedestal experiment, equivalent intrinsic noise increased in proportion to the depth of amblyopia. The results suggest neural undersampling in V1 and/or higher visual cortical areas in deprivation amblyopia and a possible role for neural disarray.
Introduction
Deprivation amblyopia results from the lack of exposure to form vision during the critical period of visual development. Causes of deprivation amblyopia include cataracts (congenital, developmental or traumatic), vitreous hemorrhage, opacification of the cornea and congenital ptosis. The incidence of congenital cataracts is approximately 0.03% of live births (Rahi, Dezeteaux, & The British Congenital Cataract Interest Group, 2001 ) and amblyopia from congenital cataracts accounts for 4%-6% of visual impairment in children (Rosenberg et al., 1996; Streinkuller et al., 1999) . Deprivation amblyopia is associated with contrast sensitivity losses in both the central and peripheral fields, particularly at high spatial frequencies (Birch, Stager, Leffler, & Weakley, 1998; Birch, Swanson, Stager, Woody, & Everett, 1993; Ellemberg, Lewis, Maurer, & Brent, 2000; Ellemberg, Lewis, Maurer, Lui, & Brent, 1999; Hess, France, & Tulunay-Keesey, 1981; Mioche & Perenin, 1986; Tytla, Maurer, Lewis, & Brent, 1988) . However, there is relatively little information about how other aspects of spatial vision are altered by deprivation amblyopia. Vernier acuity, measured from the offset of a grating patch modulated at 6%-40% contrast, was significantly degraded in 5-8 year old children in whom surgery for congenital unilateral cataract was delayed beyond 6 weeks of age (Birch & Stager, 1996) . In a unique case study, a 22 year old male with a long standing monocular cataract, had poorer binocular but not monocular vernier acuities compared with his identical twin (Johnson, Post, Chalupa, & Lee, 1982) . Sensitivity to orientation information in concentric random dot glass patterns, a measure of global pooling, is also degraded in subjects with deprivation amblyopia and degradation is greater for bilateral deprivation compared with unilateral deprivation (Lewis et al., 2002) .
By comparison with deprivation amblyopia, the effects of anisometropic and strabismic amblyopia on spatial vision have been documented extensively. Both strabismic and anisometropic amblyopia are associated with spatial frequency dependent losses in contrast sensitivity (Hess & Howell, 1977; Levi & Harwerth, 1977) and contrast independent losses in positional uncertainty (Bedell & Flom, 1981; Demanins & Hess, 1996; Fronius & Sireteanu, 1989; Hess & Holliday, 1992; Levi & Klein, 1982; Wang, Levi, & Klein, 1996) , shape discrimination (Hess, Dakin, Tewfik, & Brown, 2001; Hess, Wang, Demanins, Wilkinson, & Wilson, 1999; Levi, Klein, Sharma, & Nguyen, 2000) , pattern perception (Levi, Klein, & Sharma, 1999) and feature detection . The two major theories proposed to account for the spatial vision losses in strabismic amblyopia include neural undersampling in which there is a reduction in the number of thalamiccortical afferents and/or neuronal cells in V1 (Levi & Klein, 1985 Wilson, 1991) and neural disarray in which there is topographical disarray in the positions of the cortical receptive fields (Hess, 1982; Wilson, 1991) .
The overall aim of the current research was to investigate spatial vision in subjects with deprivation amblyopia, subsequent to the presence of cataracts during the critical period of visual development. Specifically, the effect of deprivation amblyopia on global shape discrimination was assessed in patients treated for congenital or developmental cataracts by measuring sensitivity to radial deformation of circular patterns. Detection of radial deformation in circles is a shape discrimination task that appears to be governed by a global pooling mechanism (Hess, Wang, & Dakin, 1999; Wilkinson, Wilson, & Habak, 1998) . Neurophysiological (Gallant, Braun, & Van Essen, 1993; Gallant, Connor, Rakshit, Lewis, & Van Essen, 1996) and MRI (Wilkinson et al., 2000) studies showing that a proportion of V4 cells respond optimally to concentric and radial stimuli suggest that global pooling for shape discrimination may occur within V4. However, alternate global pooling mechanisms may also mediate detection of radial deformation (Dakin & Bex, 2002 Wilson & Wilkinson, 2003) .
In general, global pooling models are based on input from V1 neurons that provide Ôfundamental' information passed to second stage global pooling mechanisms (Hess, Wang, & Dakin, 1999; Wilson, 1999) . This may result in a V1 neural sampling limit on the global pooling mechanism. Circular contour frequency, defined by the number of radial cycles per degree of unmodulated contour length measured in degrees of viewing angle, provides a means for evaluating the effects of changes in the neuronal sampling limit on the global pooling process (Jeffrey, Wang, & Birch, 2002) . Circular contour frequency was defined in order to account for the fact that in normal subjects, absolute radial deformation threshold is the same for any cycle of modulation that travels the same length in visual space; a result which suggests that the sampling limit of the neural array ultimately limits the detection of radial deformation (Jeffrey et al., 2002) . The aim of the current experiment was to assess global shape discrimination in subjects with deprivation amblyopia by assessing radial deformation thresholds to circular patterns as a function of circular contour frequency. A secondary aim was to ascertain whether either neural undersampling or neural disarray models could predict changes in radial deformation thresholds.
Methods

Subjects
The clinical details of the subjects with deprivation amblyopia are shown in Table 1 . Seven patients developed deprivation amblyopia secondary to a congenital unilateral cataract (N ¼ 5) or congenital bilateral cataracts. Unilateral cataracts were determined to be congenital on the basis of age at detection ( 6 2 weeks), cataract type (dense nuclear or mild PHPV) and associated, mild micro-ophthalmia. Bilateral cataracts were determined to be congenital based on age at detection (CH) and family history (children and/or grandchildren presented with congenital cataracts as infants). One patient (GE) developed amblyopia secondary to a developmental cataract that was first detected at 6 months of age. Following cataract removal, optical correction was achieved with an IOL and/or by fitting a contact lens to the aphakic eye within two weeks of surgery. Control subjects were 6 adults aged between 22 and 36 years of age (mean ¼ 29) without visual problems, all of whom had normal corrected acuity.
2 All patients and normal subjects participated after they or their parents were informed about the nature of the tests and written consent had been obtained. This research protocol observed the tenets of the Declaration of Helsinki and was approved by the Institutional Review Board of the University of Texas Southwestern Medical Center.
Stimuli
Stimuli were radial frequency patterns in which the radius was modulated sinusoidally (Fig. 1) . The cross-2 In order to determine age trends in radial deformation thresholds, a preliminary study was conducted with 49 normal children aged 2-16 years, using a circular contour frequency of 0.32 cyc/cl-deg (radius ¼ 3°, RF ¼ 6 cyc/deg) and peak spatial frequency of 1.2 cyc/deg. The improvement in threshold with age was well described by an exponential growth function, ThðxÞ ¼ Th A þ a Ã expðÀage=sÞ, where Th ¼ radial deformation threshold in arcsec at age x years and the derived parameters are Th A ¼ asymptotic threshold in arcsec, a ¼ gain with no units and s ¼ the time constant of development in years. Threshold at the asymptote was 31.9 arcsec, similar to the mean radial deformation threshold of 35.5 arcsec from the 6 adult controls at the same circular contour frequency. By 5.8 years of age, the radial deformation threshold derived from the fit was within 10% of the asymptote. In an earlier study, Wang (2001) found no age trends in radial deformation threshold for subjects aged from 15 to 59 years. Since the youngest subject in the present study was 6 years and the oldest 50 years, the 6 adult controls (aged 22-36 years) serve as a suitable reference group. sectional luminance profile of the radial frequency pattern was modulated by the 4th derivative of a Gaussian function, which ensured that the patterns were band limited in the spatial frequency domain (Swanson, Wilson, & Giese, 1984) . The equations used to generate radial frequency patterns have been described previously (Hess, Wang, & Dakin, 1999; Wilkinson et al., 1998) . Radial frequency patterns were defined by the following parameters: peak spatial frequency (cyc/deg) which determined the thickness of the contour, contrast, mean radius (°), the amplitude and phase of the radial modulation and radial frequency (the number of modulation cycles per 360°). Radial frequency patterns were also defined by circular contour frequency (Jeffrey et al., 2002) which describes the number of radial cycles per degree of unmodulated contour length measured in degrees of viewing angle and has the units of cycles per contour length in degrees (cyc/cl-deg).
Stimuli were generated digitally using routines written in MATLAB (MathWorks) and displayed on a gamma corrected Macintosh gray scale monitor using the Psychophysics Toolbox (Brainard, 1997) which provides high level access to the C-language Video Toolbox (Pelli, 1997) . The monitor used for stimulus presentation had a frame rate of 75 Hz and a screen resolution of 1280 · 1024 pixels. Subjects viewed the monitor in dim illumination and mean pattern luminance was 45 cd/m 2 with 100% contrast. Viewing distance was 50 cm except for radial frequency patterns with a 0.5°radius where viewing distance was set at 100 b Visual acuity was measured with the amblyopia treatment study visual acuity protocol, which presents single surrounded HOTV optotypes (Holmes et al., 2001 ).
c Grating acuity was measured using a 2-alternative forced choice preferential-looking protocol (Birch & Hale, 1988) . Testing involved a 2-alternative, forced-choice, 2-down-1-up staircase format and grating acuity was determined as the geometric mean of the last 8 reversals (Birch & Swanson, 1992) . cm in order to overcome limitations in screen resolution. At 50 cm, the screen subtended 46°· 34°.
Psychophysical procedure
Radial deformation threshold was measured using a spatial 2-alternative forced choice paradigm. Each trial consisted of 2 radial frequency patterns, one unmodulated and one modulated. The centers of the 2 patterns were separated by 20°. The subject's task was to indicate by movement of a joystick which side contained the modulated circle. Audio signals were used to indicate the start of each interval but the subject's task was not time limited. Control subjects and patients over 10 years of age received no feedback about the correctness of their responses but were encouraged to continue when they found testing difficult. Patients under 10 years of age received positive reinforcement for a correct response and were encouraged to guess when the task became difficult and they were unwilling to choose which side contained the modulated pattern. Although older and younger subjects were tested slightly differently, no differences were found when comparing thresholds from the non-amblyopic eyes of the younger subjects with those of adult controls (data not shown). All subjects were tested monocularly wearing their appropriate correction. For the bilateral cataract subjects, radial deformation thresholds were only measured from the left eye, which for both subjects had the better visual acuity (Table 1) .
Amplitude modulation of the radial frequency pattern followed a 2-down-1-up staircase format with 8 reversals per stimulus condition (Birch & Swanson, 1992) . The amplitude of modulation decreased in octave steps until the first reversal, after which modulation amplitude was changed in half octave steps. A maximum likelihood fitting procedure was used to fit a Weibull function (Weibull, 1951) to the plot of percentage correct responses against radial modulation amplitude. The amplitude of the radial modulation corresponding to 75% correct was taken as the subject's threshold.
Experiment 1--Radial deformation thresholds as a function of circular contour frequency
The radius of the circular stimulus was varied over a 3-octave range (0.5°, 1°, 2°and 4°) as was radial frequency (2, 4, 8 and 16 radial cyc/360°). As a result, circular contour frequency varied over a 6-octave range (0.08-5.1 cyc/cl-deg in octave steps). The phase of the radially modulated circle was randomized across stimulus presentations. Peak spatial frequency was either 1.2 or 2.4 cyc/deg and was at least five times lower than resolution acuity for all subjects. These low peak spatial frequencies ensured that any losses in radial deformation thresholds could not be attributed to the limited resolution acuities of the amblyopic subjects and also ensured that the two inner edges of radial frequency patterns did not overlap for the smallest radius (Wilkinson et al., 1998) .
Experiment 2--Radial deformation thresholds for increment base modulations
For the increment threshold task, both radial frequency patterns were modulated. One side contained the base modulation; the other side contained the base modulation plus the increment modulation. The base modulation of the reference was varied from 0.25% to 24% of the radius in octave steps. The subject's task was to indicate by movement of a joystick which side contained the most Ôdistorted' circle. Radial frequency was set at 8 cyc/360°and radius at either 0.5°or 1°de-pending on the patient's visual acuity. Otherwise, the psychophysical procedure and radial frequency patterns were as described for Experiment 1. A reference threshold was also recorded with no base modulation. Fig. 2 shows a subset of radial deformation thresholds from the amblyopic eyes of two subjects plotted as a function of circular contour frequency. Each plot represents a constant radial frequency and increases in circular contour frequency are achieved by decreasing radius. As for normal subjects (Jeffrey et al., 2002) , thresholds in amblyopic eyes were very similar for each subject at a given circular contour frequency even though radius and radial frequency varied by up to 2 Fig. 2 . Absolute radial deformation thresholds from the better eyes of the two bilateral cataract subjects as a function of circular contour frequency. Each plot represents data for a constant radial frequency, the value of which is shown in the legend in the lower left corner.
Results
Experiment 1
octaves (e.g. CH at 0.64 cyc/cl-deg, radius ¼ 1°-4°; radial frequency ¼ 4-16 cyc/360°). As a result, mean radial deformation thresholds were calculated at each circular contour frequency and only these mean thresholds are plotted for amblyopic eyes in subsequent figures. Fig. 3 shows mean radial deformation thresholds for the amblyopic eyes (open symbols) of unilateral cataract subjects (A) and from the Ôbetter eye' of the bilateral cataract subjects (B) plotted against circular contour frequency. The solid circles in each graph show the mean radial deformation thresholds from the six control subjects. Mean radial deformation thresholds from the non-amblyopic eyes of the unilateral cataract subjects (Fig. 3A , open symbols with crosses) were very similar to controls. For both control and non-amblyopic eyes, threshold improved as an approximate linear function of circular contour frequency up to 1.3-2.6 cyc/cl-deg, where data from the control subjects suggested that threshold reached a plateau. For low circular contour frequencies (0.08-0.32 cyc/cl-deg), radial deformation thresholds from the amblyopic eyes were equivalent to, or only slightly elevated above the thresholds of the control eyes for all but the 2 most amblyopic subjects. For all subjects, radial deformation thresholds improved as an approximately linear function of circular contour frequency, before reaching a plateau. The start of the plateau occurred at progressively lower circular contour frequencies with increasing depth of amblyopia. Consequently, radial deformation thresholds were most elevated at the highest circular contour frequencies. Fig. 4 highlights the role of circular contour frequency in spatial vision by examining the ratio of grating acuity to radial deformation threshold as a function of the depth of amblyopia. For the high circular contour frequency, the grating acuity to deformation threshold ratio was 9.7:1 for controls (closed triangle) but decreased to unity for amblyopes with 20/100 or worse vision. In the amblyopic eyes, grating acuity was reduced at most by a factor of 3 (Table 1) . Therefore, the fall in the ratio of grating acuity to deformation threshold to unity indicates at least a 30-fold decrease in deformation threshold. In contrast, the ratio of grating acuity to deformation threshold is only just above unity for the low circular contour frequency stimulus and remains relatively constant with increasing amblyopia.
Given the pattern of loss in radial deformation threshold in the amblyopic eyes, we sought to determine whether the circular contour frequency dependent elevation in threshold could be modeled by a shift in spatial scale. The plot of radial deformation threshold against circular contour frequency was first shifted to the right along the circular contour frequency axis by an amount equal to the depth of amblyopia (Fig. 5A , open diamonds). In order to calculate the depth of amblyopia, letter acuities were converted to a logMAR scale (log minutes of arc resolution) and the depth of amblyopia defined as the difference in log units between the measured acuity and normal acuity (0 logMAR). The first point of the shifted curve was then normalized (open inverted triangles) with respect to the mean control curve (solid circles). The scale shifted and normalized curves for the 7 subjects from Fig. 3 closely fitted the mean threshold curve from the controls (Fig. 5B) . These data suggest that the elevation in radial deformation threshold in deprivation amblyopia can be modeled by a shift in spatial scale, a result consistent with neural undersampling.
A shift in the scale of spatial integration would predict that global integration might be restricted either to a larger area of integration or to integration over a longer contour segment. The following analyses were designed to address this hypothesis. Fig. 6A shows mean radial deformation thresholds (±SE) from three of the control subjects expressed as a percentage of radius (Weber fraction) plotted against decreasing circular contour frequency (top axis). The inverse of circular contour frequency, which has the units of contour length in degrees of viewing angle per cycle (cl-deg/cyc), is shown along the bottom axis. Each plot represents a constant radial frequency and an individual point within a plot represents a radius, which increases from left to right (0.125°-4°). Weber thresholds improved linearly with decreasing circular contour frequency up to 1.3 cyc/ cl-deg, which corresponds to 0.78°of contour length per cycle (bottom axis). The Weber fraction remained constant to the right of the solid line where contour length per cycle increased above 0.78°(i.e. decreasing circular contour frequency). These results suggest that global pooling is not improved for cycle lengths exceeding 0.78°of visual angle. Fig. 6 also shows similar graphs for the bilateral (C and E) and unilateral (right column) cataract subjects. The open symbols show the data from the amblyopic eyes and the closed symbols show data from the non-amblyopic eyes of the unilateral cataract subjects. Two vertical lines are shown in each graph: The dashed line is located at 0.78 cl-deg/cyc and the solid line is shifted right along the contour frequency axis by an amount equal to the depth of amblyopia. For example, for subject CH with 20/100 vision (0.7 log-MAR), maximum cycle length for the pooling unit is shifted to 3.9 cl-deg/cyc (i.e. 0.7 log above 0.78 cl-deg/ cyc). For subject RR with moderate amblyopia (20/50), the variation in Weber threshold with circular contour frequency (Fig. 6C ) was similar to that observed in the control subjects (Fig. 6A) . For the remaining subjects, Weber thresholds in the amblyopic eyes continued to improve up to the scale shifted values of estimated maximum pooling unit length indicated by the solid lines. By comparison, Weber thresholds for the nonamblyopic eyes of the unilateral cataract subjects remained relatively constant. These results provide further evidence for a shift in spatial scale in deprivation amblyopia and additionally suggest that these subjects integrate over much larger contour lengths when detecting radial deformation.
Experiment 2
While the results of Figs. 5 and 6 indicate a shift in spatial scale consistent with neural undersampling, they do not exclude the possibility that neural disarray may contribute to deprivation amblyopia. Experiment 2 was designed to test this hypothesis directly. Fig. 7 shows the plot of radial deformation thresholds as a function of base modulation of the reference radial frequency pattern for two subjects with a congenital unilateral cataract (A and B), for one congenital bilateral cataract subject (C) and for the subject with a developmental cataract (D). For the subject with bilateral deprivation amblyopia, thresholds from a similarly aged adult control served as the reference (open triangles). The solid and dashed lines represent the best fits of the following equation to each individual's threshold data. 
where Th ¼ radial deformation threshold in arcsec and Dbase ¼ base modulation in arcsec and the derived parameters are Deq ¼ equivalent intrinsic noise in arcsec and K ¼ gain with no units. For the two subjects with unilateral deprivation amblyopia, radial deformation thresholds were elevated in the deprived eyes at low base modulations but the amblyopic and non-amblyopic eyes reached the same thresholds at high base modulations (Fig. 7A and B) . A similar pattern occurred for the better eye of the subject with bilateral deprivation amblyopia when compared with an age-matched control (Fig. 7C) . For the subject with deprivation amblyopia from a developmental cataract, radial deformation thresholds from the 2 eyes never completely matched (Fig. 7D) ; the threshold of the deprived eye remained elevated by 0.15 to 0.2 log units over the non-deprived eye at the 2 highest base modulations (576 and 874 arcsec).
Eq. (1) is based on similar equations described by Wang et al. (1996 Wang et al. ( , 1998 and Levi et al. (2000) who measured vernier thresholds for stimuli comprised of discrete samples. Levi et al. (2000) obtained an estimate Fig. 6 . Radial deformation thresholds plotted as a percentage of radius (Weber fraction) against circular contour frequency (top axis) for three control subjects (mean ± SE) (A), two bilateral cataract subjects (C, E) and for four unilateral cataract subjects (right column). Bottom axis shows the inverse of circular contour frequency with units of contour length in degrees of viewing angle per cycle (cl-deg/cyc). Each plot represents a constant radial frequency (legend, bottom left hand corner). Decreases in circular contour frequency (left to right) are achieved by an increase in radius. Open symbols show thresholds from the better eye of bilateral cataract subjects and from the amblyopic eye of unilateral cataract subjects. Solid symbols show thresholds from the non-amblyopic eyes of the unilateral cataract subjects (right column) or mean thresholds from the control subjects (A).
of sampling efficiency by including a factor (Neq) in the denominator of the equation to account for the number of discrete samples effectively used by a subject. As the radial contour stimulus is continuous, we have included a different term (K) in the numerator. The value of K is determined from the rising portion of the curve where threshold rises in proportion to Dbase and therefore, K represents a gain factor. In one mechanism proposed for global integration, threshold is determined by integration over a limited segment of the radial frequency pattern (Jeffrey et al., 2002) . If the proposed mechanism were assumed to hold, one interpretation of K would be that it represents the efficiency of integration along the contour. When Dbase is small, it has little effect on threshold, but once Dbase exceeds Deq, threshold rises in proportion to Dbase. Therefore, Deq is used to estimate equivalent intrinsic noise. Deq is located at the horizontal position at the knee of the curve where threshold rises by a factor of p 2 (i.e. when Dbase equals Deq).
Equivalent intrinsic noise (Deq) is elevated in the amblyopic eyes in proportion to the depth of amblyopia (Fig. 8) . For 3 of the subjects in Fig. 7 (SL, CH, GE) there were only 2 or 3 data points in the range where radial deformation thresholds increased with base modulation. Higher base modulations could not be generated as the amount of deformation required (base + increment) exceeded the maximum achievable deformation (45% of radius) before the inner edges of the circle began to overlap. As a result, the range of pedestals that were technically feasible provided insufficient data at high base modulations for amblyopic eyes to determine an accurate estimate of K. Therefore, we fitted all amblyopic eyes with K set to the mean of nonamblyopic eyes (K ¼ 1:77) which provided adequate fits to the data (dashed lines, Fig. 7 ).
Discussion
Radial deformation thresholds were elevated in subjects with both unilateral and bilateral deprivation amblyopia and the extent of the deficit was dependent on both the depth of amblyopia and circular contour frequency. For suprathreshold stimuli, the parameter describing equivalent intrinsic noise was poorer in amblyopic eyes. The deficits in resolution acuity and contrast sensitivity that result from deprivation amblyopia are unlikely to account for the losses in radial deformation threshold reported here. In all subjects, the ratio of grating acuity to peak spatial frequency was at least 5.6, a ratio which ensured that radial deformation threshold was independent of peak spatial frequency (Hess, Wang, Demanins, et al., 1999; Wilkinson et al., 1998) . Radial deformation threshold is also independent of contrast in both normal subjects and subjects with strabismic amblyopia when contrast is greater than 15% (Hess, Wang, Demanins, et al., 1999; Wilkinson et al., 1998) . Neural undersampling and neural sampling disarray are the two predominant theories of the neural changes in strabismic amblyopia that may underlie elevated radial deformation thresholds (Hess, Wang, & Dakin, 1999; Hess, Wang, Demanins, et al., 1999; Levi et al., 2000) . Our results suggest that both may play a role in deprivation amblyopia. Elevations in deformation threshold were dependent on circular contour frequency, with little or no elevation in threshold at the lowest circular contour frequencies, a result consistent with undersampling at higher radial frequencies. On the other hand, data from the pedestal experiment are consistent with elevated ''intrinsic noise'' above which thresholds from deprived and non-deprived eyes are equal. This result is consistent with neural disarray. It may be reasoned that the loss of neural connections from the ocular dominance columns could occur unevenly with the result that neural sampling varies across the retinotopic map. The resulting patches of sparse arrays with different sampling densities in turn may resemble a jittered array. A similar argument could be made for the uneven distribution of new connections made following successful occlusion therapy.
A recent study of sensitivity to global form in glass patterns in patients treated for congenital cataracts reported threshold deficits that were greater following bilateral deprivation than unilateral deprivation (Lewis et al., 2002) . The radial deformation thresholds for the bilateral cataract subjects in the present study are replotted in Fig. 9 along with two unilateral cataract subjects with similar depths of amblyopia. For a given depth of amblyopia, thresholds were very similar for the unilateral and bilateral cataract subjects across a wide range of circular contour frequencies. The slightly higher elevation in thresholds for subject CH (Fig. 9 , solid symbols) at high circular contour frequencies may reflect the slightly poorer acuity in this subject (20/100) compared with subject AS (20/70). The difference in the results reported here and those of Lewis et al. (2002) may reflect different mechanisms underlying sensitivity to radial frequency and glass patterns. While the results presented in Fig. 9 suggest that the loss in radial deformation threshold as a function of circular contour frequency appears to depend on the degree of deprivation amblyopia for both unilateral and bilateral cases, further studies using a greater number of subjects and a larger range of amblyopia will be necessary before firm conclusions can be made.
Our results may have implications for studies of strabismic amblyopia that have used the same or similar circular stimuli. Hess, Wang, Demanins, et al. (1999) reported that the deficits in radial deformation thresholds were consistent across the radial frequency range and took this result as evidence of scale invariance. The range of stimulus conditions used by Hess, Wang, Demanins, et al. (1999) (0.5°radius, 4-10 cyc/360°) corresponds to a circular contour frequency range of 1.3-3.2 cyc/cl-deg, over which we also observed a relatively constant deficit in deformation thresholds for the deprivation amblyopia subjects (Fig. 3 ). However, when tested over a much wider range of circular contour frequencies, the deficits in radial deformation threshold were not constant. Preliminary results indicate a uniform elevation in threshold across the circular contour frequency range in anisometropic amblyopia but little or no threshold elevation at low circular contour frequencies in strabismic amblyopia (O'Connor, Wang, & Birch, 2002) .
The results of the present study may also have important implications for the treatment of subjects with deprivation amblyopia during infancy and early childhood when grating acuity is typically used to assess the depth of amblyopia. Our previous results (Jeffrey, Wang, & Birch, 2000) and the results reported here indicate that grating acuity greatly underestimates depth of amblyopia assessed by letter acuity, particularly in those subjects with deep amblyopia. The assessment of radial deformation threshold at a moderately high circular contour frequency provides a better estimate of the degree of amblyopia. Radial deformation thresholds have been measured successfully in normal infants (Birch, Swanson, & Wang, 2000) and the detection of radial deformation in a circle may provide a valid measure of the depth of amblyopia in pre-and nonverbal subjects in whom letter acuity cannot be measured.
